Slab-derived fluids play a key role in mass transfer and elemental/isotopic exchanges in subduction zones. The exhumation of deeply subducted crust is achieved via a subduction channel where fluids from various sources are abundant, and thus the chemical/isotopic compositions of these rocks could have been modified by subduction-zone fluid-rock interactions. Here, we investigate the Mg isotopic systematics of eclogites from southwestern Tianshan, in conjunction with major/trace element and Sr-Nd isotopes, to characterize the source and nature of fluids and to decipher how fluid-rock interactions in subduction channel might influence the Mg isotopic systematics of exhumed eclogites. The eclogites have high LILEs (especially Ba) and Pb, high initial Sr-and Pb-rich fluid component, most likely released from epidote-group minerals in metasediments, has little Mg so as not to modify the Mg isotopic composition of the eclogites. In addition, the influence of talc-derived fluid might be evident in a very few eclogites that have low Rb/Sr and Ba/Pb but slightly heavier Mg isotopic compositions. These findings represent an important step toward a broad understanding of the Mg isotope geochemistry in subduction zones, and contributing to understanding why island arc basalts have averagely heavier Mg isotopic compositions than the normal mantle.
Introduction
Subduction channel is a highly reactive interface between subducting oceanic lithosphere and mantle wedge, in which mass transfer as well as elemental and isotopic exchanges actively occur (e.g., Bebout and Penniston-Dorland, 2016) . In this region, fluids released from various subducting slab lithologies (e.g., sediments, Lithos 290-291 (2017) [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] altered oceanic crust, and altered abyssal peridotites) can be mixed and penetrate into exhuming rocks, inducing extensive fluid-rock interactions van der Straaten et al., 2008 van der Straaten et al., , 2012 Zack and John, 2007) . The fluids, when emanating from the interface into the mantle wedge, can further impart their chemical/isotopic signatures to the juxtaposed mantle rocks and associated arc volcanism.
Trace elements in conjunction with Sr-Nd-O isotopic systematics have been widely used to identify and understand fluid-rock interactions in subduction channels (Glodny et al., 2003; Halama et al., 2011; John et al., 2004 John et al., , 2012 King et al., 2006) . The magnesium (Mg) isotopic systematics might be a useful tracer of subduction-zone fluid-rock interactions, potentially providing insights into the source and nature of fluids. Magnesium is fluid-mobile at low temperatures, which leads to large Mg isotope fractionations as much as 7‰ during Earth's surface processes (Teng, 2017 and references therein) . Recent studies also documented high mobility of Mg during subduction-zone metamorphism Horodyskyj et al., 2009; Pogge von Strandmann et al., 2015; van der Straaten et al., 2008) . Chen et al. (2016) found high δ
26
Mg values (up to +0.72) for white schists from Western Alps, and linked them to infiltration of Mg-rich fluids derived from dehydration of serpentinites. Recent studies also documented generally heavier Mg isotopic compositions in arc volcanic rocks relative to normal peridotitic sources (δ 26 Mg = −0.25 ± 0.07), which were explained as the addition of heavy Mg isotopes from subducting slabs to the mantle wedge (Li et al., 2017; Teng et al., 2016) . A general conclusion derived from these studies is that the subduction-zone fluids might be isotopically heavy in terms of Mg isotopes. Nevertheless, the interpretation of any Mg isotopic variations in subduction-related rocks requires the knowledge of how Mg isotopes behave in subduction channels, and how fluid-rock interactions could affect the Mg isotopic systematics of a rock.
Orogenic eclogites of seafloor protolith may be the best choice to study subduction channel processes. Oceanic crust undergoes seawater alteration prior to subduction and is, therefore, more hydrated relative to the continental crust (Miller et al., 1988) . It experiences extensive dehydration together with the sediment veneer during subduction (Gerya et al., 2002) . In addition, the exhumation of oceanic crust via the subduction channel proceeds at relatively slower rate (mm/yr; Agard et al., 2009 ). All of these allow eclogites of seafloor protolith to preserve a record of extensive fluid-rock interactions during exhumation. An increasing number of studies have shown that fluid-rock interactions can readily modify the chemical and isotopic compositions of exhumed eclogites (e.g., Bebout, 2007; Klemd, 2013; Xiao et al., 2012) , although how the chemical/isotopic composition shift depends on the nature and abundance of fluids with which the eclogites have interacted.
In this study, we investigate a suite of well-characterized eclogites/ blueschists and mica schists from southwestern Tianshan, China. We present the first Mg isotopic data for the orogenic eclogites of seafloor protolith, and in combination with Sr-Nd isotopic and trace elemental data, we explore the influence of subduction-zone fluid-rock interactions on the Mg isotopic systematics of eclogites. Our results show that these eclogites are variably enriched in heavy Mg isotopes, which may result from interactions of the eclogites with both high-MgO and low-MgO fluids released from different hydrous minerals in the subduction channel.
Geological settings and samples
The high-pressure to ultrahigh-pressure (HP-UHP) metamorphic belt of Chinese southwestern Tianshan, located along the suture between the Yili and the Tarim blocks, was formed during the northward subduction of the Palaeo-South Tianshan oceanic crust beneath the Yili block (Gao et al., 1999; Windley et al., 1990; Zhang et al., 2002 Zhang et al., , 2008 . The eclogites and retrograded blueschists in southwestern Tianshan occur as interlayers or lenticular bodies in mica schists, representing the relic oceanic crust that experienced subduction and exhumation in response to later continental collision. The protoliths of eclogites and associated blueschists range from MORBs to OIBs as indicated by the geochemical data and their preserved pillow structures in the field (Ai et al., 2006; Gao and Klemd, 2003; Zhang et al., 2002 Zhang et al., , 2008 . The eclogites and their host rocks have experienced peak coesite-bearing eclogite-facies metamorphism at 324~312 Ma (Zhang et al., 2005; Su et al., 2010; Klemd et al., 2011; Q.-L. Li et al., 2011a; Yang et al., 2013) , followed by a slow exhumation rate to amphibolitefacies between 320 Ma and 240 Ma (e.g., Zhang et al., 2013) . The peak and retrograde metamorphic temperatures estimated for the southwestern Tianshan eclogites vary from 450 to 630°C (e.g., Du et al., 2014a Du et al., , 2014b . The retrograde metamorphic temperatures are slightly higher than the peak-eclogite facies temperatures as a result of thermal relaxation during the exhumation (e.g., Zhang et al., 2013) . The presence of abundant millimeter to decimeter-wide and centimeter to meter-long veins in southwestern Tianshan blueschists and eclogites indicates extensive fluid-rock interactions and fluid-mediated mass transport during crustal subduction and exhumation (Beinlich et al., 2010; Gao et al., 2007; Gao and Klemd, 2001; John et al., 2008 John et al., , 2012 Lü et al., 2012) .
The petrology and metamorphic evolution of the studied eclogites and mica schists have been well characterized (Zhang et al., 2003; Ai et al., 2006; Lü et al., 2009; Du et al., 2011 Du et al., , 2014b Xiao et al., 2012) . The eclogites consist mainly of garnet, omphacite, glaucophane, paragonite, epidote, calcite, dolomite and quartz/coesite; the mica schists are mainly composed of garnet, glaucophane, phengite, epidote, paragonite, plagioclase and quartz/coesite. A detail description of the studied eclogites and mica schists including the sample localities has been given in Supplementary Table S1 .
Analytical methods

Major and trace elements
Major elements were analyzed at the Hebei Institute of Regional Geology and Mineral Resources, China, by wavelength dispersive X-ray fluorescence spectrometry (Gao et al., 1995) . Analytical uncertainties are generally better than 1%. The H 2 O + and CO 2 were determined by gravimetric methods and potentiometry, respectively. Trace elements were analyzed using an Elan 6100 DRC ICP-MS at the CAS key laboratory of crust-material and environments, University of Science and Technology of China, Hefei. Samples were analyzed with aliquots of USGS standards BHVO-2, BIR-1, AGV-2 and GSP-2. Results for the USGS standards together with the reference values are reported in Supplementary Table S2 . Analytical uncertainties are better than 5% for most of the elements.
Strontium and Nd isotopic analysis
The Sr and Nd were separated from the matrix with cation exchange chromatography with Bio-Rad AG50W-X12 resin using the method described by Chu et al. (2009 
Magnesium isotopic analysis
Magnesium isotopic ratios were analyzed for bulk rock powders and mineral separates at the University of Washington, Seattle. The separation of Mg was achieved by cation exchange chromatography using Bio-Rad AG50W-X8 resin in 1N HNO3 media Teng et al., 2007 Teng et al., , 2010 Teng et al., , 2015 Yang et al., 2009) . Two standards, Kilbourne Hole (KH) olivine and seawater, were processed together with samples for each batch of column chemistry. The Mg isotopic ratios were determined using the standard-sample bracketing protocol on a Nu plasma MC-ICPMS (Teng and Yang, 2014 (Foster et al., 2010; Li et al., 2010; Ling et al., 2011; Teng et al., 2010; Wang et al., 2016) 
Results
Major and trace elemental compositions of the eclogites and mica schists are summarized in Supplementary Table S3 Fig. S1 ; Pearce, 1996 (Huang et al., 2013; W.Y. Li et al., 2016b) , which are in rough agreement with the peak and retrograde metamorphic temperatures for the Tianshan eclogites (e.g., Du et al., 2014a Du et al., , 2014b . Six mica schists from southwestern Tianshan have bulk δ
26
Mg values ranging from −0.11 ± 0.05 to +0.23 ± 0.02 (Table 2) .
Discussion
The overprint of fluid-rock interactions on the southwestern Tianshan eclogites/blueschists has been confirmed by many petrological and geochemical studies van der Straaten et al., 2008 van der Straaten et al., , 2012 Beinlich et al., 2010; Lü et al., 2012; J.-L. Li et al., 2016a; Zhang et al., 2016) . Depending on the nature and abundance of fluids in a subduction channel, the initial composition of an eclogite can be altered to various degrees after fluid-rock interactions. In this section, we first focus on the trace element and Sr-Nd isotopes to characterize the source and nature of the fluids, and then decipher how fluid-rock interactions may have influenced the Mg isotopic systematics of the eclogites. Finally, we discuss the Mg isotope geochemistry of slab- Samples marked with a superscript "a" are carbonated eclogites enclosed in marbles, and all the others are the eclogites enclosed in mica schists. Sr ratio of the Ordovican to Carboniferous (O-C) seawater is from Veizer (1989) , and 87 Sr/ 86 Sr ratio of the global subducting sediments (GLOSS) can be high as much as 0.73 (Plank and Langmuir, 1998) .
derived fluids in the subduction channel and their influences on the sub-arc peridotites.
Geochemical evidence for fluid-rock interactions
Trace element and Sr-Nd isotope geochemistry suggest interactions of eclogites with metamorphic fluids. The fluids are mainly derived from subducted sediments, with limited contributions from serpentinites or altered oceanic crusts. Most eclogites are variably enriched in LILEs (e.g., Ba, Cs, Rb, and K) and Pb (Fig. 3) , which can be produced during either ancient seafloor alteration or subduction-zone fluid-rock interactions. Bebout (2007) documented that significant enrichments of Ba and Pb in metabasaltic rocks can be most directly associated with metasomatism because these two elements are only slightly enriched in altered oceanic basalts during seafloor alteration relative to other LILEs. The consistently high Ba/Rb, high Ba/K and low Ce/Pb of our eclogites are thus indicative of HP/UHP fluid-rock interactions rather than ancient seawater alteration (Fig. 3a, b, Sr ratios of 0.7075-0.7090 (Veizer, 1989 Sr ratios can be as high as 0.73 (Plank and Langmuir, 1998) . In contrast to Sr isotopes, Nd isotopes appear to behave conservatively during the metasomatism (King et al., 2006) . Due to the low mobility of REE during metamorphic dehydration under relatively low P-T conditions (Kessel et al., 2005) , slab-derived fluids would contain too little Nd to affect the Nd isotopic systematics of eclogites (van der Straaten et al., 2012) , such that the eclogites retain their depleted Nd isotopic signatures (Fig. 1) . In accordance with the high 87 Sr/ 86 Sr ratios, most eclogites contain very low concentrations of Co and Ni evolving from oceanic basalts towards the GLOSS (global subducting sediments; Fig. 3d ), pointing towards again interactions of the eclogites with sediment-derived fluids. Some eclogites however have Ni and Co contents overlapping or slightly higher than oceanic basalts (Fig. 3d) . This indicates the possible contributions of altered oceanic crust-derived or serpentinite-derived fluids (e.g., van der Straaten et al., 2012), although subducted sediments must be the dominant source for fluids that have interacted with the eclogites. The geochemical signatures of sediment-derived fluids might vary significantly in response to the mineralogical heterogeneity of subducting sediments. The eclogites display a series of geochemical (Fig. 4d ). All these observations support that the eclogites were infiltrated by two fluid components. The distinct geochemical signatures of the two fluid components are consistent with the fact that LILEs and Sr-Pb are hosted in different hydrous minerals in subducted sediments: mica-group minerals are the dominant host for LILEs, whereas epidote-group minerals (and to a less extent carbonate minerals and paragonite) are the major host of Pb and Sr (e.g., Bebout et al., 2007 Bebout et al., , 2013 Busigny et al., 2003; Xiao et al., 2012) . As a result, fluid dehydrated from mica-group minerals would have high Rb/Sr and Ba/Pb ratios, whereas fluid released from epidote-group minerals in metasediments could be enriched in Pb and Sr (as well as 87 Sr/ 86 Sr). It is possible that varying modal mineralogy in the subducted sediments (e.g., mica-group minerals are abundant in metapelites and epidote-group minerals are abundant in greywackes) can result in decomposition of mica-and epidote-group minerals in different proportions along the subduction P-T path and generate the two fluid components in the subduction channel. During crustal subduction, biotite is thought to be completely decomposed at P = 1.3-1.5 GPa, at which the epidote-group minerals such as epidote and zoisite are still stable (Poli and Schmidt, 2002) . Therefore, decomposition of biotite at the early stage during crustal subduction could release a significant amount of fluid that is enriched in LILEs. At a higher pressure above 2.5 GPa, epidote and zoisite might become unstable (Carswell, 1990; Poli and Schmidt, 2002) . Metamorphic dehydration at this stage could thus release abundant Sr and Pb to the fluids. Such fluids, when released from subducting oceanic crust, would migrate upward along the subduction channel, infiltrate the exhuming eclogites and impart their distinct geochemical signatures to the eclogites via fluid-rock interactions.
Constraining the mechanisms of Mg isotopic variations in the eclogites
The eclogites have varying Mg contents (MgO = 3.2 to 9.7 wt.%) at a given SiO 2 content, and more variable and systemically heavier Mg isotopic composition than fresh oceanic basalts (Fig. 5) Mg value of the six mica schists as an endmember (Q-314), suggests that at least N 60% of sedimentary component is required to produce the Mg isotopic compositions of most eclogites (Fig. 5) (Supplementary Fig. S3 ), further supporting that binary mixing between basalt (or eclogite) and sediment (or metasediment) might not be the case. Magnesium is fluidmobile, thus, processes like ancient seawater alteration, prograde metamorphism (e.g., release of Mg into metamorphic fluids and eclogite-host isotopic exchanges), and retrograde fluid-rock interactions (e.g., interaction with metamorphic fluid during exhumation), could potentially account for the observed Mg isotopic variations. Next, we endeavor to explore how Mg isotopes behave during these processes, based on which, we highlight the importance of subduction channel fluids in generating Mg isotopic variations in exhumed eclogites.
Seafloor alteration cannot explain the Mg isotopic signatures
Seafloor alteration produces even larger Mg isotopic variations, with Mg isotopes likely fractionated in a different manner from that observed in the eclogites, as shown in Fig. 5 . Altered oceanic crusts (AOC) from two different sites have been reported for Mg isotopic compositions Teng, 2017 (Teng, 2017) . Due to carbonate dilution effect (Tipper et al., 2006) , the AOC samples from ODP site 801 are distributed in a trend in which δ
26
Mg values decrease as MgO decreases (Fig. 5) . Different from AOC, none of the studied eclogites (32 in total) show enrichment of light Mg isotopes, although they contain variable abundances of carbonate minerals. Furthermore, neither heavily nor less altered AOC could account for the roughly negative correlation between δ
Mg and MgO for the eclogites (Fig. 5) . Thus, ancient seawater alteration is unlikely to be the cause of the variable and systemically heavier Mg isotopic compositions of the eclogites.
The role of prograde metamorphic dehydration and eclogite-host isotopic exchange
Magnesium isotope fractionation during prograde metamorphic dehydration or eclogite-host isotopic exchange cannot account for the Mg isotopic variations in our eclogites. It is possible that dehydrated fluids have distinct Mg isotopic compositions from the rock where the fluids are from. However, since the fraction of Mg partitioning into the fluid phases is so small compared to that inherited by metamorphic minerals during prograde metamorphism, metamorphic dehydration causes insignificant Mg isotope fractionation (b±0.07) on a bulk-rock scale (Li et al., 2014; Teng et al., 2013; W.-Y. Li et al., 2011b; Wang et al., 2014b Wang et al., , 2015a Wang et al., , 2015b . Local isotopic exchange between eclogite and its host rock can potentially change the original mantle-like Mg isotopic compositions of the eclogites (Wang et al., 2014a) . To which direction the Mg isotopes of the eclogites fractionate depends on the types of host rock. For example, eclogite-host isotopic exchange would make eclogite boudins in carbonates/marbles isotopically lighter, whereas those enclosed in mica schists heavier (Wang et al., 2014a) . However, no systemic relationship between δ 26 Mg and host rock type was observed for the southwestern Tianshan eclogites. On the opposite, the carbonated eclogites (those enclosed in marbles) in our study are enriched in heavy Mg isotopes (δ 26 Mg = − 0.28 to + 0.02; Table 2 ), which we interpret below as a result of infiltration of external fluids derived from metasediments.
Response of Mg isotopic systematics in the eclogites to fluid-rock interactions
Thus, our favored interpretation of the Mg isotopic variation is fluidrock interaction in a subduction channel. The fluids must be enriched in heavy Mg isotopes, and pervasively reactive in interacting with the eclogites because the eclogites have systemically heavier Mg isotopic compositions (Fig. 2) , regardless of their diverse host rock types. Below, we discuss how the two fluid components may have affected the Mg isotopic compositions of the eclogites.
The two fluid components, due to their derivation from different hydrous minerals, have different impacts on the Mg isotopic systematics of eclogites. In the plots of δ 26 Mg vs. Pb* and δ
26
Mg vs.
87
Sr/
86
Sr 320Ma ( Fig. 6a and b) Fig. 6c and d) . Because of the complexity of the fluid system and the uncertainty of its Mg concentration and Mg isotopic composition, we are not expecting to see good correlations between δ
26
Mg and indices of enrichment of LILEs (such as Rb/Sr and Ba/Pb). However, the general patterns shown in Fig. 6c and d Mg values ranging from −0.08 to +1.10 (Wang et al., 2015b) , and phengites in eclogites from the Dabie orogen have δ is not yet possible to give a perfect fluid-rock interaction model for the whole dataset of the eclogites. However, the rough negative correlation between δ
Mg and MgO for the eclogites can be generally modeled as interactions of eclogites with high-MgO (e.g., dehydrated from mica-group minerals or talc) and low-MgO fluid components (e.g., dehydrated from epidote-group minerals) under a variety of water/rock (fluid/eclogite) ratios (Fig. 5) . carbonate-free rocks (Hu et al., 2017; Huang et al., 2015; Li et al., 2010; Teng, 2017; Teng et al., 2016; Wang et al., 2015a) . One might expect that subsolidus decarbonation or carbonate dissolution during metamorphism could release light Mg isotopes, making the sedimentderived fluids isotopically light. However, decarbonation is an inefficient process for carbonated sediments/basalts along the P-T paths of oceanic subduction (Dasgupta and Hirschmann, 2010; Gorman et al., 2006) . Carbonate species dissolved in metamorphic fluid is thought to be mainly CaCO 3 (Ague and Nicolescu, 2014; Kelemen and Manning, 2015; Li et al., 2017) . Therefore, the presence of carbonate minerals in subducted rocks has negligible influence on the Mg isotopic composition of dehydrated fluids (Li et al., 2017) . By contrast, breakdown of hydrous minerals might control the Mg concentration and Mg isotopic composition of dehydrated fluids. Reported δ
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26
Mg values for Mg-rich hydrous minerals, such like micagroup minerals and talc, are higher than the normal mantle value (Beinlich et al., 2014; W.-Y. Li et al., 2011; Wang et al., 2015b) , and thus it is very likely that the dehydrated fluids are enriched in heavy Mg isotopes. For example, a recent study suggested that the fluid derived from talc and antigorite in serpentinite is likely characterized by Mg values are consistent with petrological and geochemical evidence suggesting that these peridotites have been affected by upward fluid migration from the subducting slab (Ionov and Seitz, 2008) . Most recently, Li et al. (2017) found that island arc or back arc basin basalts from circum-Pacific arcs, including Kamchatka, Philippines, Costa Rica and Lau Basin have generally high δ 26 Mg values ranging from − 0.35 to + 0.06. Teng et al. (2016) reported the Martinique arc lava δ 26 Mg values of −0.25 to −0.10. Those values overlap the Avacha peridotites and are systemically higher than normal oceanic basalts and peridotites, consistent with the interpretation that isotopically heavy fluids released from the subducted slab incorporate into the mantle wedge (Li et al., 2017; Teng et al., 2016) . All the three cases suggest that massive flux of dehydrated fluid into the sub-arc mantle could facilitate extensive fluid-peridotite interaction and shift the δ 26 Mg of sub-arc peridotite towards higher values.
Conclusions
To reveal the nature of fluid-rock interactions in subduction channels and the influence of subduction-zone fluids on the Mg isotopic systematics in exhumed rocks, we present major and trace elements, and Sr-Nd-Mg isotopic data for the eclogites and mica schists from southwestern Tianshan, China. The following conclusions can be drawn:
(1) The eclogites have high Ba/Rb and Ba/K but low Ce/Pb ratios, suggesting the overprint of subduction-zone metamorphic metasomatism. The highly radiogenic Sr isotopic composition ( 87 Sr/ 86 Sr 320Ma = 0.7058-0.7117; higher than that of coeval seawater), together with the varying and mostly low Ni and Co concentrations, further indicate that the eclogites have interacted with fluids mainly released from subducted sediments, with limited contributions from altered oceanic crust-or serpentinitederived fluids. poor epidote-group minerals, has little Mg so as not to influence the Mg isotopic composition of the eclogites.
